The dominant modes of charge transport in variant polar liquid-based nanoparticulate colloidal dispersions (dilute) have been theorized. Theories formulating electrical characteristics of colloids have often been found to over-or under-predict charge transport in dilute suspensions of nanoparticles in polar fluids owing to grossly different mechanistic behaviors of concentrated systems. Three major interacting modes with independent yet simultaneous existence have been proposed and found to be consistent with analyses of experimental data. Electric double layer (EDL) formation at nanoparticle-fluid interface-conjugated electrophoresis under the influence of the electric field has been determined as one important mode of charge transport. Nanoparticle polarization due to short-range field non-uniformity caused by the EDL with consequent particle motion due to inter-particle electrostatic interactions acts as another mode of transport. Coupled electro-thermal diffusion arising out of Brownian randomization in the presence of the electric field has been determined as the third dominant mode. An analytical model based on discrete interactions of the charged particle-fluid domains explains the various behavioral aspects of such dispersions, as observed and validated from detailed experimental analysis. The analysis is also predictive of the dominance and behavior of the three modes with important nanocolloidal parameters such as temperature and concentration.
Introduction
The past decade has witnessed immense response from the academic community toward comprehending the enhanced transport phenomena innate to dilute liquidbased nanoparticle dispersion systems compared to the base liquids. Among such initiatives, the majority have been focused toward understanding the enhanced thermal transport of such nanocolloidal systems. Thermal properties such as augmented thermal conductivity of nanocolloidal dilute suspensions Eastman et al. 2001 ) over their dispersion media have been extensively experimented (Patel et al. 2010; Buongiorno et al. 2009 ) upon, analyzed and theoretically modeled based on varied concepts such as effective medium theory (Patel et al. 2010; Murshed et al. 2008) , Brownian motion-induced heat conduction (Zhang et al. 2007; Kumar et al. 2004 ), micro-convection (Patel et al. 2003) , percolation theory (Dhar et al. 2013; Sastry et al. 2008) , interparticle collision theory (Dhar et al. 2013) , interfacial thermal conductance (Evans et al. 2008) etc. In addition to thermal conductivity, the convective heat transfer coefficient for dilute nanocolloidal suspensions has also been a major issue of research. Variant experimental, theoretical, and numerical studies have been carried out to understand the enhanced convective thermal transport Ding 2004, 2005; Pak and Cho 1998; Xuan and Li 2002 ) that nanocolloids exhibit. Coupled alongside the attempts to comprehend the convective transport characteristics of nanocolloids, their momentum transport and viscous properties (Anoop et al. 2009; Dhar et al. 2013 ) have also been widely studied. In general, research on the compatibility and applicability of nanocolloidal dispersions as thermofluids has received wide attention. Interestingly, however, the list is also inclusive of systems where the thermofluid needs to be electrically insulating, viz. electrical transformers, alternators and motors, capacitive systems, heat pipes and microfluidic devices for manipulating dielectric materials, and biological specimens.
Despite being uncharged entities, nanoparticles induce augmented electrical conductivity to the polar base fluids, as evident from the few experimental reports (Ganguly et al. 2009; Minea and Luciu 2012; Wong and Kurma 2008; Sarojini et al. 2013) . The enhancement in electrical conductivity is suggestive of enhanced charge transport within the fluid. However, unlike thermal transport, wherein the presence of the dispersed nanoparticulate phase acts as a contributor to thermal conduction or convection, charge transport is grossly dissimilar since the source or mechanism of charge formation within the nanocolloid also needs to be comprehended and formulated alongside transport. Among recent endeavors to understand the electrical conductivity of such dispersions, the approaches have been purely experimental and, moreover, confined to a single class of nanoparticle and base fluid combinations. Observations on the enhanced electrical transport properties of dilute nanocolloids (Sarojini et al. 2013; Minea and Luciu 2012) with concentration variations were reported; however, analysis of neither the findings nor explanations were reported. Moreover, some of the works involved nanocolloids stabilized by utilizing variant surfactants and stabilizers (Sarojini et al. 2013) . The presence of surfactants with partial ionic characteristics lends augmented charge transport capabilities to the polar base fluids by themselves. As such, the transport behavior exhibited by surfactant-capped nanoparticles shall be grossly deviatory from the transport properties of nanoparticles without external stabilization. However, some experiments report charge transport behavior of stabilized particles analogously to normal particles. An important parameter that has been excluded in experimental reports is the effect of temperature on the charge transport capabilities of the dilute nanocolloidal system. Since such systems exhibit enhanced thermal transport with temperature , it is of prime importance to study whether the same phenomenon is valid for electrical transport.
As of the present, the governing parameters and mechanisms of charge transport in dilute nanocolloids lack clarity. Furthermore, for dilute dispersions (concentration B 2 vol%), various mechanisms have either negligible or excessive presence when compared to conventional concentrated colloidal systems. To cite examples, since the particulate phase population is much smaller compared to concentrated solutions, the mean inter-particulate distance at any frozen instance of time is much larger than that of concentrated systems. Thus, the van der Waals adhesive forces in between the dispersed and liquid phase are much pronounced and, unlike concentrated systems, inter-particulate cohesive forces are minimal. Hence, the phenomenon of nanoparticle agglomeration and de-agglomeration and its kinetics have negligible effects on charge transport in dilute suspensions. Similarly, the absence of large cohesive forces and presence of larger mean inter-particle separation leads to more unrestricted thermal motion of the particles. As such, the temperature response of a dilute system is expected to be more pronounced than a concentrated system. The existing theories on electrical transport in concentrated nanocolloids explain the charge transport behavior based on various mechanisms, viz. thermodynamics of colloids (Goldstein et al. 1991) , percolation theory (Cametti 2010; Last and Thouless 1971) , dielectric response of dispersed phase (Miles 1932; Carrique et al. 2001; Curtis and Fricke 1935) , aggregation kinetics (Chakraborty and Padhy 2008; Lebovka et al. 2006) , granular (Revil 1999) and/or porous medium approach (Carrique et al. 2001 ), inter-particle interaction kinetics (Mittal et al. 2008; Khusid and Acrivos 1996) , etc. Analysis reveals that these models either over-or under-predict the electrical conductivities due to grossly different mechanisms involved in concentrated systems. The analysis for dilute systems can be often segregated down to simpler forms based on physical assumptions of the first principles. Consequently, the fundamental property of electrical conductivity of nanocolloidal suspensions needs to be well comprehended for end use of such colloids in advanced scientific and engineering applications. The present article provides experimental observations on the charge transport capabilities of dilute nanocolloids (non-functionalized) with concentration, particle size, type, and temperature. It also provides an intuitive mechanistic analytical model derived from dimensional analysis and first principles so as to predict the transport parameters from material and system properties.
Experimentations

Materials and methodologies
The nanocolloidal dispersions utilized in the present study have been prepared in-house using polar liquids and nanoparticles procured from eminent suppliers in the field; thus, purity in terms of composition and structure is guaranteed.
Oxide nanomaterials
Aluminum Oxide (99.98 % pure alpha Al 2 O 3 , particle size range 40-50 nm, and average particle (spherical) diameter 45 nm) has been procured from Alfa Aeser NanoDur Ò , MA, USA. Aluminum Oxide (99.95 % pure alpha Al 2 O 3 , average particle diameter 20 nm) has been procured from Nanoshel LLC, DE, USA. Copper Oxide (99.8 % pure Cu (II) Oxide, particle size range 25-35 nm, average particle (spherical) size 29 nm) has been procured from Alfa Aeser NanoTek Ò , MA, USA.
Metal nanomaterials
Aluminum (99.99 % pure Al, average particle diameter 80 nm) and Copper (99.98 % pure Cu, average particle diameter 80 nm) have been procured from NTbase Ò , Gyeonggi-do, Korea. The metallic nanopowders have been supplied in sealed glass vials to prevent oxidation in ambient air. XRD (X-Ray Diffraction) maps have been provided by the suppliers to authenticate the crystal purity of the metallic samples. Studies have been performed with utmost care in nearly isolated ambience to minimize possibilities of stray oxidation of Copper.
Base fluids
De-ionized water (base electrical conductivity range 2-5 lS/cm) has been obtained from the DI water facility, Indian Institute of Technology, Madras. Ethylene Glycol (anhydrous, extra pure, base electrical conductivity 1 lS/cm) and Glycerol (anhydrous, extra pure, base electrical conductivity 1 lS/cm) have been procured form Sisco Research Laboratories, Mumbai, India.
Nanodispersions
For the present study, nanodispersions were prepared using all 5 types of nanoparticles discussed with all 3 fluids as bases. No surfactants have been used since surfactants interfere and contribute to charge transport processes. As a consequence, extra care and time was taken to prepare the dispersions to ensure shelf-life stability of at least a month. For each of the nanodispersions, 6 different concentration (%vol) levels were prepared (0.01, 0.05, 0.1, 0.25, 0.5, and 1 %). The procedure for preparation consists of two steps: (a) the base fluid is stirred using a temperaturecontrolled magnetic stirrer, and the nanoparticles are added slowly in batches to obtain the dispersed system. The adding of nanoparticles is done at intervals of 5-6 h each with continuous stirring of the dispersion. After the total required amount of nanoparticle has been added, the final dispersion is stirred for 8-12 h. (b) After the stirring process, the dispersion is ultrasonicated for 4-8 h, depending on the density difference between the dispersed and the fluid phases. The nanodispersions obtained after the complete procedure are found to have a stable shelflife exceeding 3 months. measured with a tetra-cell electrical conductivity probe (Cyberscan CON 11), calibrated for Automatic Temperature Compensation (ATC). The instrument has been calibrated using standard samples provided by the manufacturer, for four different concentrations and different temperatures. The instrument has uncertainty values of ± 1 % and ± 1 K for electrical conductivity and temperature, respectively (for the conductivity range 0-1999 lS/cm). The experimental setup has been illustrated as follows in Fig. 1 .
The total error suffered during the procedure is the aggregate of the measurement error and the instrument error. The measurement error is attributed to the nonrepeatability of the experimental results as a result of experimental conditions. This error in precision is minimized by taking multiple readings and a residual error of ± 2 % is observed. Thus the total experimental error is restricted to ± 3 % for electrical conductivity and ± 1 K for temperature.
The experiments were performed in controlled temperature environment for proper comprehension of the effect of temperature on charge transport process in nanocolloids. The sample containment was immersed in a constant temperature bath with the measuring probe fully inserted and was allowed to rest for 15 min to achieve steady-state conditions. The pump of the isothermal bath was then switched off and the system was allowed to rest until all vibrations decayed out. This was done to ensure the absence of any stray convective component that might affect the measurement process and/or accuracy. The reading from the probe was then registered and 5 readings were obtained for each nanocolloidal sample for each temperature step. The arithmetic mean of the readings was recorded as the final value of electrical conductivity of the particular nanocolloid at that particular temperature.
Mathematical model
The analytical domain Induction of charge on the nanoparticles dispersed in the fluid medium and its impact vis-à-vis transport of charge in the presence of an external electric field has been deduced from the electrical conductivity values of the nanocolloids. An essential initialization to analytical modeling lies in determining an elemental domain representative of the bulk system. The domain incorporates a fundamental structural and functional unit to represent the bulk system wherein the basic governing equations can be derived and analyzed to deduce system physics. In the present scenario, a twin domain approach has been incorporated. Since electrical conductivity of nanocolloidal systems includes both charge induction as well as subsequent transport, a twin domain approach is made use of in order to functionally segregate the two processes and model them separately. The two domains proposed are such that one is a subset of another, thereby granting freedom to combine the two systems to obtain the final solutions quantifying charge transport. The primary Fig. 1 Illustration of the experimental setup and components. Inset (a): The electrical properties analyzer probe elemental domain representing the fundamental functional unit of the dispersed system (illustrated in Fig. 2(a) ) is exploited to derive the governing analytical equations of charge induction and transport. The secondary domain (illustrated in Fig. 2 (b) ), of which the primary domain is a subset, maps all possible interdomain interactions among the primary domains, from the point of view of continuum approach.
The proposed primary domain mimics concentric spheres in space and constitutes of the nanoparticle being encapsulated within a sphere of the fluid. The basic assumption that the individual members of the nanoparticulate phase can be modeled as near-spherical bodies has been resorted to and partly mimics the classical macroscale Kuwabara cell model (Kuwabara 1959) . Analysis reveals that atomic and molecular scale imperfections on the nanoparticle surface can lead to charge distribution fluctuations that can lead to enhanced particle-particle interactions. This is taken care of by the radial magnitude of the encapsulating fluid domain. The ratio of the radial dimension of the nanoparticle to that of the fluid sphere equates out to much less than unity, thereby establishing that charge distribution fluctuations due to surface imperfections on the nanoparticle dies out within the fluidic domain itself. Since the fluctuations do not affect neighboring nanoparticles, the spherical particle assumption is justified. The radial dimension of the fluid capsule is computed from the dispersion concentration. The validity of the approach is strengthened by the fact that the dispersions are diluted, and thus, each fluid capsule engulfs a single nanoparticulate entity. The primary domain diameter 'a d ' is expressed as a function of dispersed nanoparticle mean diameter 'd np ' and the volume fraction of loading 'u' as
Electric double layer-conjugated electrophoresis Three independently existing yet simultaneously interactive dominant modes of charge induction on the nanoparticles and the possible mode of transport in the colloidal medium have been proposed based on the behavioral aspects of the nanocolloidal systems as observed from experiments. The first dominant mode theorized is the charge transport augmentation resulting from formation of electric double layer (EDL) at the nanoparticle-fluid interface and the consequential electrophoresis in the presence of an electric field. Inevitably by nature, foreign systems in interfacial contact with polar fluids develop an EDL around the phase interfacial boundary. This is a result of the polar fluid molecules interacting with the surface atoms or stray charges distributed on the solid media. The thickness of the EDL is expressible by the Debye thickness (j -1 ) and is a parameter of utmost importance in determining the electrical behavior and response of the particle-fluid system to internal or external stimuli. Evaluation reveals that even for water, the most polar liquid used in the present study, j -1 (order of * 10 0 nm), is an order of magnitude smaller than 'a d ' (order of * 10 2 nm). However, the de-ionized water utilized in the present study is not ideal and exhibits a residual conductivity of 2-lS/cm. The corresponding thickness of the EDL is expected to be around * 10 2 nm, i.e., of the order of magnitude of the particulate phase (since by definition, the upper diametric limit of a nanoparticle is * 100 nm). If the ratio of the EDL thickness to the magnitude of 'a d ' be proposed as a dimensionless parameter analogous to the Knudsen number (Kn), its magnitude remains in the vicinity of unity. Consequently, classical laws of electrostatics can be exploited within the external layer of the EDL or the Guoy-Chapman layer without suffering severe deviations from the actual transport characteristics. Although the EDL thickness is of the order of the diametric proportions of the particle, the Stern or Helmholtz layer can be assumed to be relatively thin and nearly superimposed onto the particle surface. Therefore, it can be argued that the Zeta potential (f) of the nanocolloidal system is nearequivalent to the particle surface potential.
The present analysis rests on the assumptions pertaining to the combined Guoy-Chapman-Stern model for EDL. Treating the nanoparticle as a point Coulomb charge 'q 1 ' dispersed in fluid space, the magnitude of the charge developed due to the EDL is evaluated based on 'f' from Coulomb's law of electrostatic potential at a finite distance due to a point charge in space. Since the net charge induced within the Guoy-Chapman layer and the decaying EDL are associated to the charge induced onto the nanoparticle surface, the charged Guoy-Chapman layer cannot exist independent of the nanoparticle. This allows substantial freedom to model the charged nanoparticles along with the EDL as the fundamental mobile carries responsible for charge transport in the nanocolloidal system. If 'q 1 ' be the charge content of the spherical particle due to the existence of the EDL around it, then in accordance to Coulomb's law of electrostatics, 'f' is the magnitude of the electrostatic potential at a distance 'd np /2' from the center of the particle, where d np is the average diameter of the nanoparticle population. The basic assumption behind the analysis is that charge induced onto the surface due to the EDL is assumed to be concentrated at the particles center so as to determine a relation between 'q 1 ' and 'f'. Based on Coulomb's law of electrostatics, the charge induced onto the nanoparticle periphery can be expressed in terms of the system zeta potential as
where e 0 is the permittivity of free space and j is the relative permittivity; the subscripts 'f', 'np', and 'nd' representing the base fluid, nanoparticle, and the nanodispersion system, respectively. The magnitude of 'q 1 ' can be evaluated from knowledge of the zeta potential of the dispersion system and the relative permittivity of the base fluid. Within the primary domain, the charged nanoparticle thus becomes the only source of charge, apart from the charge present within the EDL. The article points out that for most colloidal particles in electrolytic media, the surface charge density remains constant and not the surface charge potential (since it is a function of the electrolyte concentration). However, it might be noted that in the present case, the nanocolloids were prepared without any stabilizing agents or electrolytes. As a result, the residual ionic concentration of the DI water can be (for benefit of ease of the analytical model) considered to remain constant and of very low magnitude, and therefore, the surface charge potential can be thought of to remain nearly constant. The expression utilized in the Eq. (2) for surface charge density is based loosely on the Debye-Huckel formalism for thin EDLs and can lead to errors in estimation. However, it also results in an analytical equation which can provide the magnitude of charge transport characteristics (close estimate) from simple property data, which is where the novelty of the present approach lies. On the contrary, modeling the phenomena based on the extended transport theory for electrolytes (Ohshima et al. 1982; Makino and Ohshima 2010 ) (or the established DLVO theory) would often lead to systems of equations which might need extensive and/or numerical calculations. Also, since the Debye length of the systems concerned are of the order of magnitude of the size of the particulate phase, the assumption can be exploited by keeping in mind the complexity avoided within the analytical model. Considering the foreign charge present in the fluid matrix, the charge density 'q 1 ' developed within the primary domain due to the presence of the charged mobile nanoparticle is expressed as
The mobility of the nanoparticles in the fluidic domain essentially conveys that the fluid molecules comprising the primary domain are updated at each time frame without compromising the structure of the domain, a direct consequence of modeling the fluid medium as a continuum. In the presence of an applied electric field, the particle-EDL system experiences an electrophoretic force, the direction of traversal being a function of the type of charge and the localized spatial orientation of the field lines. As discussed earlier, the EDL developed is thick in nature (however, not overly thick so as to retard the electrophoretic mobility of the particles drastically) and is of the order of magnitude of the average particle diameter, i.e., the associated Dukhin number for the electrokinetic drift of the particle is in the vicinity of unity. Furthermore, due to the nanoscale dimensions of the particles, the associated particle drift Reynolds' number is well short of unity. Under such conditions, the particle drift velocity under the influence of an external field can be expressed using Huckel's equation (Hückel 1924) , which is expressed as
The charge density developed within the primary domain and the subsequent drift in the presence of an external electric field leads to a transport component within the dispersion, leading to augmented transport of charge. The current density is expressed as the product of the magnitudes of the charge density and the drift velocity experienced and also the product of the electrical conductivity and the applied field strength. The velocity associated with the electrophoretic drift is a linear function of the applied electric field strength, thereby being in compliance to Ohm's law; the current density developed within the primary domain is a linear function of the applied field strength. The constant of proportionality evolved from mathematical manipulation of the equation yields the associated effective electrical conductivity 'r 1 ' expressible as
where g represents the base fluid viscosity. The relative permittivity 'k nd ' has been determined from Matijevic's equation (Matijevic 1971) . The parameter 'n' denotes the unidirectional probable population of dispersed nanoparticles. It can be defined as the probable number of particles occupying the fluidic space per unit unidirectional length of the colloidal system and is an important parameter since charge is transported by a family of particles along one specific direction. Considering a cubical domain of side unity, and the average diametric magnitude of a nanoparticle as * 10 nm, it can be seen that the domain can sustain a maximum of * 10 24 nanoparticles. Thus, it implies that the most probable population density along any direction is of the order of * 10 8 particles. Based on the above analysis, the magnitude of 'n' has been determined to be * 10 8 .
Polarization-conjugated electrostatic interactions
The second dominant mode augments charge transport due to the dielectric behavioral aspects of solid nanoparticles dispersed in dielectric media under the influence of the electric field 'E' and the associated enhanced inter-domain interactions resulting of particle polarization. The interactions of the external electric field with the randomly distributed, partially charged polar fluid molecules within the diffuse Guoy-Chapman layer promotes the formation of non-uniformity in the effective field in the immediate circumferential neighborhood of the nanoparticle. The existence of a spatio-temporally variant non-uniform electric field in the near vicinity of the nanoparticle leads to induced polarization of the particle. The fluctuating nature of the short-range electric field is a dependant function of the characteristics of the GuoyChapman layer. Since the layer is diffused by nature due to the presence of randomized electrostatic and thermal interactions among the polar fluid molecules, concentration of the dispersed nanoparticulate phase and the temperature of the nanocolloid are important governing parameters responsible for degree of particle polarization. Although spatio-temporally perturbed due to the innate nature of the electric field around the peripheral neighborhood, the magnitude of the dipole moment induced on the nanoparticle can be assumed to remain constant, given the near-spherical geometry of the particles. Assuming the nanoparticle to be a solid dielectric sphere with the potential within the sphere satisfying Laplace equation, the dipole moment 'p' induced per nanoparticle in correspondence to the perturbed near field, as predicted by the Clausius-Mosotti theorem, is expressed as
The polarized particle due to near field electrical perturbations experiences formation of charge on the surface, exclusive of the existing charge due to formation of the EDL. Treating the dipolar radius to exist over the radial magnitude of the nanoparticle, the magnitude of the charge 'q 2 ' developed on the particles can be deduced from the expression
The charge density developed within the primary domain due to the presence of the above-mentioned charge can be computed based on the average diameter of the dispersed nanoparticulate phase. This is unlike the first dominant mode wherein the primary domain diameter is utilized to compute the charge density, since in the present mode; the charge is only present on the particle and not both on the particle and the fluid as in the case of the first mode. The induced charge density at the nanoparticle-fluid interface as a result of dipole moment formation is expressed as
In the absence of an external field, the solitary mode of electrostatic interactions among any two neighboring domains exists due to the presence of the charge induced onto the particle by the EDL. The charge formed due to the formation of the dipole is an excess charge over the existing charge due to the EDL, resulting in augmenting the transport of charge. Moreover, the presence of electrostatic interactions among neighboring particles due to the presence of the EDLinduced charge is also augmented due to the induction of excess charge. Thus, charge transport due to polarization is a very strong mode of augmented transport. The analysis requires knowledge of the magnitude of the drift velocity of the polarized particles solely due to the electrostatic interactions among the neighboring domains. From force balance analysis, the instantaneous spatial location of the nanoparticle at any temporal instant is a function of the imbalance of the electrostatic force of repulsion and the inertia force of the particle. The electrostatic force of repulsion 'F e ' between any two primary domains is expressed as
The motion imparted to the nanoparticles due to the force of repulsion from the closest neighbor induces inertial force to the particle in a direction opposite to that of the original direction of approach toward the neighboring nanoparticle. The inertial force of the nanoparticle, travelling at an instantaneous mean velocity 'u m ' due to the interactive forces of decaying repulsion from the repelling nanoparticle and the exponentially increasing repulsive force due to the nanoparticle the reference particle is approaching. The inertia force 'F i ' can be expressed by representing the instantaneous particle acceleration 'a np ' in terms of 'u m ' and the mean relaxation time for the nanoparticle 's' as
At any given instant of time, any random particle exists in equilibrium under the mutual influence of the twin forces of electrostatic repulsion and inertia of the particle. However, the main objective of the force analysis lies in determining 'u m ' the interaction velocity analogous to the drift velocity for the polarized particles. In order to achieve this, the mean relaxation time scale for the nanoparticles needs to be accurately modeled in terms of other known quantities. The relaxation time parameter is modeled as the mean time scale; the particle utilizes to traverse the distance between two successive repulsions. The mean relaxation time 's' can be expressed as the ratio of the mean free path 'k' of interactions to the mean velocity of the particles. Therefore, we can simplify 's' as
The spatial location of a particle at a fixed frame of time is influenced by the electrostatic repulsion from the closest neighbor at the said instance. At the limit of closest approach of two particles, the electrostatic energy accumulated within the particle due to approach against repulsion is converted to kinetic energy, and the particle gains momentum in a direction opposite to that of initial approach. At the mean spatial point of equilibrium, owing to its inertia, the nanoparticle invades into the repulsive domain of a new neighboring particle, experiencing an increasing force of repulsion and the near harmonic behavior cycles as it approaches new neighbors. Therefore, the point of mean separation behaves as a stable spatial node of equilibrium for the nanoparticle. This culminates in a phase where the spatial location of the particle is predominantly influenced by its present state of inertia. An interplay of the two forces leads to randomized oscillatory behavior of the particles with respect to the nearest neighboring domains. A qualitative illustration of the phenomenon has been provided in Fig. 2 . Analytically, at the stable point of equilibrium, balance of the twin governing forces 'F e ' and 'F i ' yields the expression for 'u m '. The interaction velocity has been modeled on the basis of 'q 1 '; the charge induced due to the EDL, since it is the innate source of charge in the primary domain. The charge induced due to polarization exists only in the presence of the locally perturbed external field, and the augmented charges begin interactions with the velocity 'u m '. On the basis of the order-of-magnitude analysis of the time scale of interactions 's' and the maximum limit of separation, the mean velocity of interactions is expressible as
The mean free path can be assumed as the average of the minimum distance of traversal possible between two nanoparticles and the maximum distance of traversal for the two particles. From basic one dimensional modeling of the system (Fig. 3) , based on three neighboring particles considered for analysis, the minimum separation is * (a d -d np ) whereas the maximum separation is * (3a d -3d np ) . Therefore, the mean free path is * 2(a d -d np ). 'k' can be expressed in terms of the concentration as To model the component of electrical conductivity borne out of the random electrostatic interactions coupled with the augmented charge in presence of the external field, an effective analytical treatment of the mean velocity of interactions needs to be performed. At dilute regimes, 'k' can be simplified down to be * 2a d . However, as the concentration increases, the simplification can no longer be used to obtain accurate results. This is one of the many cases wherein the theory for concentrated colloidal systems deviates grossly from dilute suspensions. Furthermore, the nanoscale dimensions of the particulate phase allows for the simplification, an impossibility in case of conventional micron scale colloidal particles. The simplified expression for the analogous drift velocity in dilute nanocolloids is thus expressible as
where 'q' denotes density of the dispersed nanoparticulate phase. For ease of handling algebraic variables, k nd is assumed equal to k f . In terms of magnitude, the deviation from the actual value is negligibly minimal. This happens because the dielectric constants of colloids show good agreement to the equation proposed by Matijevic (1971) . The equation suggests that the dielectric constant of a colloid is a simplistic arithmetic function of the dielectric constants of the liquid and the particulate phases and the volume fraction of the particulate phase. Consequently, the dielectric constant of the colloid is very close in magnitude to that of the fluid, even for concentrated colloids. For dilute colloids, the difference is less than 2 %. Thereby, the two have been assumed to be equal in this particular case. The polarized particles interact with its neighbors with the velocity 'u m '; thus, it is analogous to the drift velocity of the charge carriers. The polarized particles drifting with this mean velocity induces a current component within the dispersed system. While movement of charges in a dipole cannot lead to transport, it is noteworthy that this is valid for a dipole where the initial and the final positions of the center of the dipole is the same spatial point. In the present case, the dipolar structures also experience simultaneous electrophoresis along the direction of the field. As a result the dipoles are in constant motion in the presence of the external field. In a stagnant fluid, the dipoles interact with the nearest neighbors in the form of electrostatic attractions and repulsions; however, the net transport of charge globally remains zero since the vector sum of all the random motions leads to net zero displacement of the dipoles about their centers. On the contrary, in a population of particles which are experiencing electrophoretic motion simultaneously with particle polarization, the centers of the dipoles do not remain fixed in space as a function of time. The dipoles therefore interact with their neighbors while being simultaneously dragged by electrophoretic motion. This results in augmented transport due to unbalanced dipolar interactions only along the direction of the field. For all the other directions, the net random motion leads to zero flux.
In accordance to Eq. 5, the current density developed due to the electrostatic migration of the nanoparticles can be expressed as
From Ohm's law of electrical conduction, the corresponding expression for electrical conductivity 'r 2 ' is obtained as
The conductivity component 'r 2 ' is independent of the component 'r 1 ' and is a consequence of a grossly different mechanism of charge induction and transport.
Coupled electro-thermal diffusion
The third dominant mode of charge transport exists due to the coupled thermal and electrical interactions among the fluid molecules and the charged nanoparticle. A dispersed nanoparticle in polar fluid medium experiences the formation of an EDL shell and randomized Brownian disturbance due to continual thermal motion-induced collisions from the liquid molecules. Fundamentally, the phenomenon can be looked upon as transport of a charged entity. Consequently, electro-thermal coupling leads to the existence of a probable weak current within nanocolloidal dispersions. In the presence of an external field, the interaction parameters get redistributed, leading to an electro-thermal component of charge transport. Based on analytical treatment, the mode can be subcategorized into two sub-modes as explained below:
(I) The dispersed nanoparticle, by virtue of the collisions experienced from the neighboring fluid molecules, experiences random Brownian diffusion. Introduction of the external field leads to near field perturbations within the diffuse layer of the EDL, thereby polarizing the particle. The conjunction of the field polarized nanoparticle traversing with the Brownian velocity constitutes a charged entity in motion and leads to one sub-mode of augmented transport. (II) The dispersed nanoparticle experiences the formation of the EDL at the particle-fluid interface and charge formation on the particle surface. Introduction of the external field leads to formation of coupled electro-thermal diffusion within the diffuse layer of the EDL, which in conjunction with the Stern layer shrouded nanoparticle leads to the second sub-mode of transport.
One sub-mode exists due to the coupling of the innate thermal energy induced randomness of the nanoparticles and the induced polarization in presence of the external field. On the contrary, the other sub-mode arises from the interactions of the innate charge on the particles owing to the presence of the EDL with the electro-thermal diffusive component introduced by the external field. The Brownian velocity 'v B ' of the nanoparticle, considering a diffusive length magnitude equivalent to the diametric magnitude of the nanoparticle, is expressed from Stokes-Einstein's equation as
In the present sub-mode, the Brownian velocity acts as the analogous drift velocity. The product of the Brownian velocity with the charge density due to particle polarization (Eq. 9) yields the electrical conductivity due to the first sub-mode of transport 'r 3(1) ' expressible as
The sub-component due to the second mode arises due to the electro-thermal coupled diffusion within the diffuse layer of the EDL. The electro-thermal diffusion coefficient 'l e-t ' is obtained from the coefficient of Brownian diffusion 'D B ' as
The analogous drift velocity of the nanoparticles under the influence of the external field as a result of the diffusive component is 'l e-t E'. The product of the charge density developed within the system and the drift velocity yields the expression for the electrical conductibility due to the second sub-mode of transport expressible as
The effective electrical conductivity rendered to the dispersion due to electro-thermal coupled transport would therefore be a cumulative effect of the twin modes. However, an order of magnitude analysis for nanocolloidal dispersion systems reveals that the order of 'r 3(1) ' is at the very least * 10 2 order of magnitude smaller than 'r 3(2) ' for a large range of absolute temperature and wide range of base fluid relative permittivity. Hence, the contribution of the former can be accurately approximated to be dominantly overshadowed by the latter. Hence, the transport component 'r 3(2) ' in itself becomes equivalent to the net transport of charge due to electro-thermal interactivities and is henceforth referred to as 'r 3 '.
Electrical conductivity of nanocolloids
As with majority of multi-component dynamical systems wherein the behavioral aspects of the system as a bulk entity is governed by the interactions among the fundamental structural and/or functional units of the system, the effective charge transport through dilute nanocolloids is governed by the interactivity among the three dominant (and independent) modes of transport discussed. As illustrated in Fig. 2(c) , the directions of transport for each of the discussed modes are in general along random directions. This result is due to the analogous drift velocity for each of the modes is in general random in nature, except for the first mode, wherein electrophoresis occurs along the direction of the applied field. Thus, a root mean approach toward determining the effective conductivity of the suspension presents justifiable accuracy. Furthermore, during transport, the modes experience interplay and interactions from the neighboring nanoparticles. The effective electrical conductivity of the nanocolloidal dispersion 'r nd ' is thus a function of the inter-modal interactions (represented by coefficients 'a', 'b' and 'c') and is theorized to be the root mean square of the effective weighted contributions of the triple modes expressible as
Since it is cumbersome to analytically model the interactions among individual primary domains; a simplified yet accurate method of mapping the most prominent interactions and identifying the associated odds in favor or against an event has been proposed. To achieve the relationship correlating the effective electrical conductivity of the dispersion to the trimodal conductivities and their interactivities, a secondary domain, as illustrated in Fig. 2(b) is necessary. The illustration provides an exploded view of the primary domain (at the center of the cubic structure) and the immediate possible neighboring sister domains that promise a potential probability of interacting with the central domain of interest. The major objective of the hypothetical secondary domain lies in establishing a discretized version of the actual physical interactions, which could be infinite in number and at the same time redundant and pose negligible contributions. The domain thereby serves a twin-fold purpose: analysis of interactions in the physical space by mapping them onto an equivalent discrete space and eliminates the redundancies that might creep up while modeling the interactions in the physical space. The secondary domain distills the otherwise critical analysis without compromising the accuracy involved, as can be confirmed from the validation with experimental observations. From a geometric standpoint, it is seen that a packed cubic structure, with the domain of interest at the center and surrounded by its 26 immediate neighbors is an optimally efficient discrete system to map all possible short-and long-range interactions. A spherical secondary domain will result in additional primary domains. This will lead to shadowing out of many of the constituent primary domains from the influence of the central domain and add redundancy to the structure. Other forms of packing structure of the primary domains will lead to possible exclusion of important neighboring entities, thereby under-predicting the charge transport phenomenon. The interactivities and the discretized directions in a random horizontal plane have been qualitatively illustrated in Fig. 2(c) .
As illustrated in Fig. 2(b) , the central domain when mapped with respect to the direction of electrophoresis along the direction of the applied field experiences electro-thermal interactions from all the 26 neighbors as well as additional electrostatic interactions from the 6 immediate neighbors. Since the electrostatic interactions between two nanoparticles have a maximum separation limit of * '2a d ', the interactions are only applicable for particles whose domains are in direct contact with the domain of interest. Beyond the separation exceeding the maximum separation, the particles are shielded from the influence of the central domain by the nearest 6 neighbors. However, electrothermal interactions, essentially a consequence of coupled Brownian randomness and electrostatic behavior, lead to more pronounced drift velocities than the electrostatic interaction velocity. As such, the effect of this diffusive velocity exists between the central domain and all its neighbors within the secondary domain. Since the intermolecular separation among fluid molecules are of the order of * 5 Å , the uninterrupted diffusive traversal of the nanoparticle essentially dies out within the confines of the secondary domain itself, allowing for the exclusion of any interaction parameter from domains outside the cubic structure. The analysis yields that associated with the conductivity component 'r 1 '; there are 26 equivalent electro-thermal interactions and 6 electrostatic interactions corresponding to each of the former. Therefore, the central domain experiences a total of (26 9 6) interactions at any frozen instant of time while streaming through the fluid due to the existence of the electric field. In essence, the magnitude of the coefficient 'a' is therefore a product of the two interaction parameters.
The electrostatic interactions, being dominant only along 6 discrete directions, dictate the motion of the polarized particles in the presence of the external field. Assuming localized electrical conductivity with the primary domain to be spatially independent, the current density vector can be assumed to be locally aligned along the applied field vector. Since the directions of the drift velocity corresponding to the conductivity 'r 2 ' are oriented randomly in space, the component of electrical conductivity along the field vector must be determined for modeling the effective conductivity. Since the separation limits are equal along all the 6 cardinal directions and the primary domains are identical, it can be assumed that the probability that the direction of dielectrophoresis of the nanoparticle is dominant along the field vector is *1/6. The magnitude of the weight coefficient 'b', therefore, is * 1/6. Similarly, the electro-thermal interactions manifest prominently along all the discrete directions possible within the domain. Therefore, the probability that the random electro-thermal diffusion occurs along the direction of the applied field vector is *1/26, and this represents the magnitude of the coefficient 'c'. The thermal velocity of the fluid molecules increases with increasing temperature, thereby increasing the Brownian velocity of the nanoparticles. This increases the probability of interaction with particles beyond the cubic domain. Consequently, the probability of the diffusive vector being collinear to the field vector decreases. Analysis of extensive experimental data reveals that the coefficient 'c' can be remodeled effectively to include the temperature response of the nanocolloidal system. Based on the fact that the Brownian motion suffered by dispersed nanoparticulate entities becomes indeterminate as soon as the liquid phase solidifies, the coefficient 'c' can be modeled based on the freezing point of the base liquid. The expression is theorized as c & (T-T fp ) -1 , where T fp denotes the freezing point of the base fluid. It can be verified that for aqueous systems at room temperature, the magnitude of 'c' approaches * 1/26, as predicted from the former analysis.
In specialized cases, the magnitude of the constants might not be deduced accurately without a rigorous analysis. Respecting all such possibilities, it can be generalized that the orders of magnitude of the constants 'a', 'b', and 'c' will always be of the order of * 10 2 , * 10 -1 , and * 10 1 , respectively. However, the experimental data corresponding to the present work and reports (Wong and Kurma 2008; Sarojini et al. 2013 ) have been found to exhibit close resemblance to the values predicted from the analytical model based on the theoretical magnitudes of the coefficients discussed.
Equation (23) is predominantly an intuitive equation and not a derived one. It has been presented based on the intuition that the net transport of charge is an algebraic summation of the conduction characteristics of the fluid and of the dispersed particulate phase. Similarly, the expression for the root mean square conductivity of the dispersed phase is also intuition driven and inspired by similar mechanistic behavior of other transport phenomena which exhibit local pseudo-directionality. The electrophoretic motion is directed along the imposed field, and thus, it is unidirectional. However, the influence of the other two modes leads to treating the 1 st mode within the root mean square component. In the present case, all the three modes discussed exist independently, yet, their contributions in transport of charge are interdependent on one another. For example, the magnitude of the transport coefficient 'a' is dependent on the magnitudes of coefficients 'b' and 'c'. It has also been observed that 'c' exhibits temperature dependence, thereby essentially implying that the thermal dependence of 'a' is also intertwined with that of 'c'. Therefore, the net transport due to the presence of the particulate phase needs to be modeled together as a root mean squared transport parameter, so as to incorporate all the coupled effects within the parameter. The root mean square method has been resorted to for reasons beyond converting the random directionalities into an equivalent scalar. The main purpose of the root mean square method in the present model lies in predicting a net transport parameter involving all the coupled as well as directional effects together. Analysis on expressing the transport equation by considering the 1st mode outside the root mean square component shows that it is only valid at very low concentrations (* 0.1 %). This is indicative of the fact that the electrophoretic contribution can only be considered separately from the root mean square component at very dilute regimes where the interaction or transport coefficients are very small in magnitude. This happens because at very dilute regimes, the particles are far spaced, and therefore polarizationmediated electrostatic interactions are negligible. As such, the coupling with electrophoresis is minimal. As concentrations increase, the coupling strengthens and the modeling requires handling the coefficients within the mean.
It has been observed that transport in both metallic and ceramic nanoparticles in variant polar and weakly polar fluids with respect to temperature and concentrations can be predicted fairly accurately (within ± 10-15 %) utilizing the theoretical coefficients. The validation of the analytical model against experimental data has been illustrated in Figs. 4 , 5, and 6.
Results and discussions
The nature of augmented transport due to the presence of metallic oxide nanoparticulate phase in aqueous systems and their response to temperature has been illustrated in Fig. 4 . The higher magnitude of particle mobility induced surface charge density and electro-thermal diffusivity with decreasing particle dimensions leads to increased augmentation in charge transport. This is the primary reason behind higher magnitude of electrical conductivity of the Aluminum Oxide (20 nm)-water nanocolloids (Fig. 4(a) ) than its 45 nm counterpart (Fig. 4(b) ). However, size of the dispersed nanoparticles is not the sole governing factor of charge transport across the nanocolloid. Although the size of Copper oxide nanoparticles (Fig. 4(c) ) utilized is almost the mean of the Aluminum oxide particles (Fig. 4(a) and (b) ), it is not directly reflected in the conductivity data due to the non-linear dependence of charge transport on particle size, as well as due to the unequal relative permittivity and density of the two class of nanoparticles. While the size in general determines the mobility of the charged nanoparticles through the medium, the dielectric properties are responsible for the polarizability of the nanoparticles. The net effect of the properties renders a highly nonlinear trend to the charge transport characteristics. Figure 4 also illustrates the effect of temperature on the charge transport process. Although the response of the system appears linear, it is in general non-linear. The degree of non-linearity depends on the response of the base fluid to changes in temperature as well as the thermal response of the dispersed phase. It can be seen from Eq. 6 that the conductivity component 'r 1 ' varies inversely to the base fluid viscosity. Assuming a generalized exponential response of the fluid viscosity to the absolute temperature, it is seen that 'r 1 ' exhibits an exponential trend of augmentation with temperature. However, 'r 1 'is also a directly varying function of the zeta potential of the nanocolloidal system. Since the zeta potential has been assumed analogous to the Stern potential, the temperature response can be modeled accordingly. From Guoy-Chapman theory, the electric charge within the diffuse layer is a function of the Stern potential and absolute temperature. As the temperature of the system changes, the distribution and effective magnitude of charge within the diffuse layer is altered. This in turn affects the electrokinesis of the nanoparticle within the fluid, thereby altering magnitude of charge streaming. The charge within the diffuse layer varies non-linearly with temperature as * T 1/2 sinh(C/T), where 'C' is a function of the Stern potential. Therefore, response of 'r 1 ' to temperature is a product of an exponential, a power, and a hyperbolic trigonometric function and is therefore quite non-linear. Similar is the case for 'r 2 ' and 'r 3 '. However, since the associated EDL with nanoparticles is relatively thin, the response is near linear or flat in nature. However, it can be observed that smaller particles, which respond to lowering of fluid viscosity with higher velocities, exhibit much pronounced augmentation with temperature and deviation from the near-linear trend with increasing absolute temperature.
It is noteworthy that the temperature response almost disappears in very dilute systems and this can be explained based on the absence of additional directionality of interactions among the already farspaced neighbors. In highly dilute systems, the nanoparticle population is scarce and is already far spaced and as such increase in temperature cannot increase neighborhood distance to great extents as in case of dilute systems. As a result, the response of highly dilute systems to temperature is nearly nonexistent. It is evident from Fig. 4 that while the magnitude of conductivity is much higher in case of smaller particles, the thermal response of the systems are nearly equivalent at moderate temperatures. This is indicative of the dominant role of liquid viscosity in the phenomenon, indirectly implying that electrokinetic motion of the particles is a major reason behind charge transport. The importance of particle dielectric characteristics in the polarization governed transport is observed in Fig. 5 . Although having similar nanoparticle sizes and dispersed in the same base liquid, the marginally higher magnitude of relative permittivity of Aluminum over Copper provides marginally increased values of conductivity. Although the second mode plays a decisive role, the equal sizes, however, lead to similar thermal responses, which is again indicative of electrophoresis and electro-thermal diffusion. The response to temperature is much flatter in the present case than that of Fig. 4 . This is another example of the effect of size of the members of the dispersed phase in charge transport. Since the metallic particles are diametrically * 80 nm, they exhibit much reduced augmentation in charge transport over their oxide counterparts (Fig. 4) . It is therefore evidence that electrical conductivity of the particulate phase at the bulk state has no relation whatsoever to the ability of nanoparticles to render enhanced electrical properties to polar base fluids.
The predictability of the model for weakly polar as well as high viscosity fluids such as Ethylene Glycol (EG) and Glycerol has been illustrated in Fig. 6 . Water, a polar liquid with low viscosity, experiences higher augmentation in charge transport as compared to EG and Glycerol. The temperature responses of the systems are also different due to varying viscosity response to temperature. It can be seen in Fig. 6(a) that the combined effects of high viscosity and low polarity of EG compared to water result in lower augmentation in transport. However, viscosity is not the sole important parameter to determine augmentation of charge transport in viscous and weakly polar fluids. The dominance of polarization-induced transport over electrophoresis is observed in Fig. 6(b) , wherein the enhancement in electrical conductivity for Glycerol is marginally more than that of EG, in spite of the former being more viscous. The higher value of relative permittivity of Glycerol leads to greater polarizationinduced short-range transport which overshadows the viscous effects on the long-range electrokinetic transport.
As illustrated in Fig. 6(b) , the trend of charge transport with respect to concentration is well captured by the present model. As reported from experimental (Wong and Kurma 2008; Goldstein et al. 1991) very dilute systems exhibit highly non-linear behavior with concentration, whereas a more linear response is obtained at higher concentrations. At very dilute proportions, addition of a minute population of nanoparticles leads to augmented electrostatic and electro-thermal interactions, all existing in an environment of very low carrier population density. As the population of particles increases, the dominating trend of enhanced transport is marginally overshadowed due to increased cohesion among the particles and effects such as particle aggregation and localized crowding that creeps in at higher concentrations. All such mechanisms hinder independence of the modes and freedom in transport of charge across the nanocolloidal domain. As a result, the rate of augmentation decreases as the system transits from the highly dilute to the dilute regime.
The scope of the analytical model, however, is not restricted within the boundaries of simply predicting the absolute magnitude of electrical conductivity of nanocolloidal dispersions. The study also sheds light onto the effective role of each of the modes at different concentrations or temperatures and their mechanistic behavior. A detailed predictive analysis has been illustrated in Fig. 7(a) , where comparative charge transport characteristics of water-based copper oxide and copper (of equal particle diameter) nanocolloids have been provided with respect to concentration of the dispersed phase. Interesting deductions can be made from the representative plot. Analysis reveals that the effective transport of charge in nanocolloids is dominated by the polarization-induced shot field interactions at very dilute regimes. It is only at sufficient nanoparticle population that the electrokinetic migration-based charge transport begins to (Ganguly et al. 2009; Sarojini et al. 2013) dominate the phenomena. This phenomenon can be explained based on the number density of nanoparticulate phase within the liquid matrix. At very dilute concentrations, the particle population is not high enough to considerably augment charge transport via long field mechanisms such as electrokinetic traversal or electro-thermal diffusivity. The reason behind is the dominance of short field interactions that exist due to particle polarizability. As the concentration increases, the extent of polarization is hampered due to overcrowding of the particles. As a result the increase in charge transport due to polarization is not very high at relatively concentrated regimes. However, the huge number density implies increase in the number of mobile nanoparticles in the nanocolloid, which in turn increases the augmentation in transport via the electrophoretic mechanism to a great extent. Since the electro-thermal diffusive interactions are weak interactions, they are only effective at very dilute regimes.
The variation in contribution of each mode with temperature has been presented in Fig. 7(b) . A comparative analysis has been presented for the charge transport characteristics with temperature for waterbased aluminum oxide and aluminum (of equal particle diameter) nanocolloids. While the polarization and electro-thermal diffusion contributions remain fairly constant, the electrophoretic mode shows a near-linear variance with temperature. The polarizability of the nanoparticles is dependent on the localized perturbations within the Guoy-Chapman layer. From theoretical considerations, the charge distribution within this layer is a weak function of temperature and as such dependence on temperature is not pronounced. However, the viscosity of fluids show Fig. 7 Variation of trends of the three modes with their weighted interaction coefficients (ar 1 , br 2 , cr 3 ) with (a) concentration at a constant temperature and b temperature at a constant concentration for aqueous dispersions of metallic and ceramic nanoparticles strongly inverse response to increase in temperature, and as such the electrophoretic mobility of the nanoparticulate phase rises considerably with increasing temperature. It is observed in both cases that the electro-thermal diffusive component is a very weak source of charge transport augmentation and is only appreciable at very dilute regimes. It can be observed in Fig. 7(a) and (b) that metallic nanoparticles, although of the same size as non-metallic nanoparticles, exhibit lesser degrees of augmentation in charge transport due to the low relative permeability of the former. This is not a general trend and will depend on the dielectric behavior and density of the dispersed phase. However, it can be commented that the mechanistic behavior of charge transport in nanocolloids is independent of the solid state electrical conductivity of the dispersed nanoparticulate phase. Furthermore, the effective non-linear trend in electrical conductivity of nanocolloidal systems is an aggregate of the near-linear patterns in polarization in co-existence with the non-linear variation in electrophoresis.
Conclusion
To infer, the analytical model theorized successfully predicts the augmented charge transport in dilute nanocolloidal dispersions, simultaneously capturing accurately the effects of physical parameters, viz. temperature, particle size, concentration, and relative permittivity and fluid viscosity and polarity and their impact vis-à-vis charge transport characteristics. The three modes provide a clear picture of the mechanistic behavior of charge induction, interaction, and transport in the presence of an electric field and involve non-adjustable interaction coefficients to map all possible inter-particle interactions important in charge transport. The analysis also predicts the decisive roles played by the modes at different conditions. The accuracy of the model put forward is established through the validation of experimental data, wherein the electrical conductivity (a fundamental property indicative of the charge transport characteristics of any system) of nanocolloids is predicted. The analytical model can accurately predict the electrical conductivity of nanocolloids, of both metallic and non-metallic dispersed phase, in polar as well as weakly polar fluids. Devoid of the concepts of aggregation-disaggregation, particle clustering, nanoparticle-surfactant interactions, etc. innate to conventional and concentrated colloidal systems, the model neither over-nor under-predicts the electrical conductivity of dilute nanocolloidal dispersions. Insight into the dominance and behavior of the mechanisms depending on material properties and colloidal parameters is also obtained from analysis.
